OBJECTIVES: Post-infarction myocardial scar causes adverse left ventricular remodelling and negatively affects the prognosis. We sought to investigate whether scar extent and location obtained by cardiac magnetic resonance may affect the reverse remodelling and survival of heart failure patients undergoing surgical ventricular reconstruction.
Myocardial scar location as detected by cardiac magnetic resonance is associated with the outcome in heart failure patients undergoing surgical ventricular reconstruction 
INTRODUCTION
The scar formation and the increase in left ventricular (LV) volume after a myocardial infarction (MI) are part of the remodelling process and are associated with increased cardiac mortality or need for cardiac transplantation [1] [2] . Surgical ventricular reconstruction (SVR) has been introduced as an optional therapeutic strategy aimed to the exclusion of the post-infarction scar tissue from LV cavity, thereby reducing the volume and improving cardiac function and clinical status [3] . Although the Surgical Treatment for IsCHemic Heart failure (STICH) trial failed to show an adjunctive benefit on survival from SVR when combined with coronary artery bypass grafting (CABG) with respect to CABG alone in patients with ischaemic heart failure (HF) and LV dysfunction [4] , a post hoc analysis recognized the merits of this procedure in selected patients, especially if a postoperative left ventricular end-systolic volume index (LVESVI) of 70 ml/m 2 or less can be predictably achieved, being a smaller residual volume associated with an improved survival [5, 6] . Indeed, the strength of the evidence of this trial appears reduced by the absence, in the design, of a systematic preoperative evaluation of patients by late gadolinium enhancement-cardiac magnetic resonance (LGE-CMR), which is currently considered the gold standard imaging modality for an accurate quantification of LV volumes and scar tissue extent and distribution [7] . We hypothesized that the characterization of scar tissue might interfere with the post-surgical outcome. The aim of this study was to prospectively investigate the association of post-infarction scar tissue extent and location detected by LGE-CMR with the reverse remodelling and survival of ischaemic HF patients undergoing SVR.
MATERIALS AND METHODS

Patients
From January 2011 to December 2015, 151 consecutive patients with previous MI and LV remodelling underwent SVR at our Institution, of which 88 (58%) patients had a preoperative protocol-standardized LGE-CMR examination during the week before surgery. We excluded 40 patients with devices (26%), 15 patients with irregular heart rhythm (permanent atrial fibrillation, 10% not included in the device group) or mixed contraindications (severe claustrophobia or presence of material magnetic resonance not compatible). Among the 145 survivors, 11 patients received an implantable cardioverter defibrillator after surgery (mostly for persistent low ejection fraction) and were excluded as well, yielding a total of 59 patients (48 men, aged 65 ± 9 years) who repeated a protocol-standardized LGE-CMR examination even 6 months postoperatively and therefore represent the study population. Indication for SVR included previous anterior or posterior MI, LVESVI >60 ml/m 2 at echocardiography, global LV dysfunction with regional asynergy (either dyskinetic or akinetic), HF symptoms and/or angina requiring surgical revascularization. Blood samples for N-terminal pro-B-type natriuretic peptide (NT-proBNP) analysis were collected before surgery and at 6 months postoperatively. Demographic, clinical variables and procedural data were systematically recorded.
This was a prospective study approved by the Local Ethics Committee (Protocol No. 2703/78) and conformed to the principles outlined in the Helsinki Declaration. All patients gave their written informed consent prior to recruitment.
Cardiac magnetic resonance data acquisition
CMR was performed using a 1.5-T whole body scanner and a 48 cardiothoracic phased-array surface coil. A breath-hold steadystate free-precession electrocardiographic-triggered sequence was used to evaluate global LV function. In each patient, a set of contiguous short-axis views were acquired from the mitral plane to the apex, and 2 long-axis views (1 vertical and 1 horizontal) were acquired, with a minimum of 30 cine frames for each slice. Two-dimensional Gradient Echo Inversion Recovery LGE images were obtained 8-10 min after bolus injection of 0.2 mmol/kg gadolinium derivatives. Images were acquired in the same shortaxis and long-axis slices as used for cine CMR. The inversion time was optimized to null signal from the normal myocardium.
Cardiac magnetic resonance data analysis
To determine the LV volumes and function, endocardial borders were manually drawn on all LV short-axis images by means of previously validated software (Mass, MEDIS, Netherlands). The global LGE extent was measured using a semi-automatic software. In each image, boundaries of contrast-enhanced areas were automatically traced using a signal intensity cut-off of 6 SD over the average of normal remote myocardium and manually corrected when needed. The transmural LGE extent was measured using standard techniques.
Anatomical and functional CMR parameters, obtained before surgery and at 6 months postoperatively included LV enddiastolic volume index (LVEDVI), LVESVI, LV ejection fraction, LV stroke volume index, LV mass index, right ventricular (RV) enddiastolic volume index, RV end-systolic volume index, RV ejection fraction and RV stroke volume index. All parameters were indexed for body surface area. The shape of the LV was described using the LV diastolic sphericity index, obtained from the ratio of LV end-diastolic volume (LVEDV) to the volume of an ideal sphere having the LV long axis as diameter. It was calculated through the following mathematical formula:
The long axis was the mean value of the measurements obtained from the 2-and 4-chamber views. Scar tissue extent was described using quantitative, semiquantitative and qualitative modalities. In the semi-quantitative and qualitative analyses, the scar was identified by the hyperenhancement showing the typical morphologic pattern of infarcted myocardium. Left ventricle was segmented based on the 16-segment model. The local extent of myocardial scar tissue was classified for each segment as transmural (at least 51% of the wall) or non-transmural (25-50%). According to that, an extent of LGE higher than 25% in a single-LV segment defined that segment as involved by scar tissue defined as LGE positive. Conversely, a local LGE extent lower than 25% was considered as absence of scar, according to the higher probability of functional recovery of the LV segment after revascularization [2] . The extent of myocardial scar tissue in the whole LV was defined semi-quantitatively by the number of LV segments showing LGE > _ 25% of transmurality and involving at least 50% of segment endocardial surface (total LGE positive segments). Data on the involvement of each single-LV segment were used to assess the distribution of scar tissue in specific regions of interest.
Patients showing LGE in at least one between the proximal LV antero-septal segment, the proximal LV anterior segment and the proximal LV antero-lateral segment were included in Group A (Fig. 1A) .
Patients showing LGE in the other segments (distal LV septal segment, distal LV anterior segment, distal LV lateral segment and distal LV inferior segment) were included in Group B (Fig. 1B) .
Echocardiographic study
Echocardiographic imaging was performed using a Vivid 7 instrument (GE Healthcare, Waukesha, WI, USA). Preoperative echocardiographic examination was performed by the same cardiologist (S.C.). LV and RV chamber dimensions and function were measured according to the recommendations for chamber quantification from the American Society of Echocardiography/ European Association of Cardiac Imaging [9] , as previously reported [10] . All measurements were obtained from the mean of 3 beats for patients with sinus rhythm and from the mean of 5 beats for patients in atrial fibrillation.
Surgical technique
A single surgeon (L.M.) performed the surgical procedure, as previously described [10] . Briefly, the operation was conducted under total cardiac arrest, with antegrade cold crystalloid cardioplegia. A complete myocardial revascularization was performed first, when indicated, with particular attention to revascularize the proximal left anterior descending segment, to preserve the upper part of the septum. SVR was performed according to the standard technique, tailoring the way to approach the ventricle according to different pattern of post-infarction LV remodelling, varying from anterior remodelling to the classic posterior aneurysm with a bulging of the inferior wall and a well-defined neck or to a global LV dilatation with regional wall dysfunction at the inferior and posterior region, according to the site of coronary occlusion. When indicated, the mitral valve is repaired through the ventricular opening [10] .
Outcome
The primary end-point was the LVESVI assessed by CMR at 6 months after the operation. The secondary end-point included the occurrence of death from any cause or the first hospitalization for HF. Hospitalization for HF was defined as admission to a health care facility lasting more than 48 h.
Statistical analysis
Descriptive analysis was carried out in terms of absolute and relative (%) frequencies for categorical variables and mean and SD for quantitative variables.
Preoperative and postoperative variables within group were compared using the paired t-test. For comparison between groups (Group A vs Group B), we used the t-test for independent samples. Parametric tests were chosen after assessing the normal distribution of the continuous data.
Geometrical and scar tissue-related parameters were tested for association with the postoperative LVESVI in a univariate analysis linear regression model [e.g. LVESVI = a + b Â (number of LGEpositive segments) + error]. Only variables significantly associated with the study outcome were included in the multivariable analysis. Statistical significance was set at P = 0.05 (2 sided). All analyses were performed using R version 3.3.0 and IBM SPSS 22.0 for Windows.
To assess interobserver variability, data related to 10 subjects were examined by a second operator. The variability was assessed by Bland-Altman analysis [11] for LVESVI and by Cohen's kappa for LGE in anterior segments [12] .
The event-free probability of all-cause death or the first hospitalization for HF was evaluated using the Kaplan-Meier nonparametric method. The comparison between Group A and Group B and between patients with postoperative LVESVI >60 vs LVESVI < _60 was performed using the log-rank test.
RESULTS
Study population
Preoperative characteristics of the study population are shown in Table 1 . Before surgery, 19 patients (32%) had a clinical history of unknown MI, confirmed by the electrocardiographic recording and echocardiographic evaluation. According to preoperative LGE-CMR assessment, 43 patients (73%) showed anterior remodelling, 14 patients (24%) showed posterior remodelling and 2 patients (3%) showed both anterior and posterior remodelling. Symptoms of severe HF, defined as NYHA functional Class > _3 occurred in 31 patients (52%) while angina was present in 8 patients (13%). SVR was combined with CABG in 49 patients (83%), and 23 patients (39%) had concomitant MV repair. Preoperative and postoperative clinical and CMR parameters of the study population are reported in Table 2 .
Pre-and postoperative changes in ventricular volumes and shape After surgery, LVEDVI showed a statistical significant reduction compared with the baseline (from 118 ml/m 2 to 94 ml/m 2 ; P < 0.001), as well as LVESVI (from 85 ml/m 2 to 59 ml/m 2 , P < 0.001) and LV mass index (from 103 g/m 2 to 89 g/m 2 ; P < 0.001). LV ejection fraction showed a significant increase after surgery (from 29% to 39%; P-value < 0.001), while postoperative LV stroke volume index did not show significant changes (from Figure 1: (A) LGE images from a patient with extensive myocardial infarction involving the anterior proximal segments. Contrast uptake is evident at the level of the anterior wall with a transmural distribution. (B) LGE images from a patient with previous myocardial infarction not involving the anterior proximal segments (the anterior wall shows a preserved viability with LGE 0-25% of transmurality). A thrombus is stratified within the apex. LGE: late gadolinium enhancement. 33 ml/m 2 to 35 ml/m 2 ; P = 0.124). LV diastolic sphericity index increased after SVR, and changes were statistically significant (from 0.37 to 0.56; P = 0.015). The reproducibility of LVESVI was reasonable (the bias was 0.1, with limits of agreement of -4.0; 4.2). Conversely, RV end-diastolic volume index was slightly higher compared with the baseline as well as postoperative RV end-systolic volume index (from 51 ml/m 2 to 57 ml/m 2 and from 22 ml/m 2 to 25 ml/m 2 , respectively; P < 0.001 and P = 0.02, respectively). RV stroke volume index showed a significant increase (from 29 ml/m 2 to 32 ml/m 2 ; P = 0.006), while no significant changes were observed for RV ejection fraction compared to the preoperative assessment (from 56% to 58%; P-value = 0.428).
Scar tissue analysis
In the study population, 37 patients (63%) have 6 or more LV segments with LGE positive (total LGE positive segments). According to the LGE distribution involving specific LV segments, Group A included 10 patients and Group B included 49 patients. Pre-and postoperative characteristics of both groups and within Group A are reported in Tables 3 and 4 and Table 5 , respectively. Although there were no preoperative, statistically significant differences between the 2 groups, except for the sphericity index, showing a weak significant difference (P = 0.049, Table 3 ) and the percentage of LVESVI reduction was not different (P = 0.518, Table 5 ), after surgery, Group A showed a significantly higher LVESVI compared with Group B (78 ± 26 ml/m 2 vs 55 ± 20 ml/m 2 , P = 0.003, Table 5 ). The interobserver variability for LGE in the proximal anterior segments showed a good agreement (j = 0.8, 95% confidence interval 0.44-1).
N-Terminal pro-B-type natriuretic peptide profile
Overall, after surgery, NT-proBNP levels decreased significantly from baseline (2291 ± 2319 ng/l vs 1479 ± 1480 ng/l; P < 0.05). Conversely, no changes were observed within Group A (2512 ± 1242 vs 2492 ± 1848 ng/l, P = 0.971).
Outcome
At univariate analysis (Table 6 ), the presence of LGE in at least one between the proximal LV antero-septal segment, proximal LV anterior segment and proximal LV antero-lateral segment (Group A) showed a positive association with LVESVI assessed after surgery (P = 0.002), being the postoperative LVESVI higher in Group A (Supplementary Material Fig. S1 ) compared with Group B (Supplementary Material Fig. S2 ) (Table 5) . Similarly, preoperative LVEDVI and LV diastolic sphericity index showed a significant positive association with postoperative LVESVI (P = 0.003, for both), whereas baseline LV ejection fraction showed a negative association (P-value = 0.01). However, at the multivariate analysis, only the presence of LGE in the proximal anterior LV segments was found to be independently associated with the outcome (P = 0.02) ( Table 6) . At the survival analysis, patients with a postoperative LVESVI greater than 60 ml/m 2 showed a significantly lower event-free probability compared with patients with a postoperative LVESVI < _60 (P = 0.02) (Fig. 2) .
DISCUSSION
The main findings of this study can be summarized as follows: (i) the presence of LGE in the proximal anterior LV segments is associated with a higher postoperative LVESVI, which in turn affects the survival; (ii) the LGE extension, expressed as the total number of scarred segments, apparently is not associated with the outcome.
The relation between location of scar tissue and post-infarction LV remodelling is still controversial, as it is intricate with the extension of the scar itself [13] [14] [15] . In the present study, the involvement of the proximal anterior LV segments but not the scar extent resulted consistently linked with a less effective post-surgical reverse remodelling. Indeed, previous studies demonstrated that increases of basal myocardial performance, rather than those of the apical area, resulted in improvement in global LV systolic function after medical HF therapy [16] . This observation is based on the fact that the basal portion of the LV displays the highest velocities within the heart and is an important component of LV systolic function. In agreement, it has been reported that the degree of segmental velocities of basal myocardium assessed by tissue Doppler imaging provides a strong predictor for morbidity and mortality in HF patients including ischaemic aetiology [17] . In our surgical population, the finding is interpretable, considering that the surgical act can modulate the exclusion of the scar accordingly, mainly when it is located at the level of distal segments. These results provide an additive value to predict the efficacy of surgical therapies that should be tailored to the morphology of the individual patient rather than to be standardized to the volume only. Noteworthy: the significant decrease in NT-proBNP reported in this study is remarkable, reflecting the volume reduction and related improvement in myocardial wall stress and overall mechanical LV performance [18] . The NT-proBNP levels remained stably high, without significant changes compared with the preoperative value within the Group A, reflecting, in turn, a less effective response to SVR and highlighting the relationship between scar location and volume reduction and their reciprocal influence on the outcome. The role of LVESV in patients with previous MI and LV remodelling has been known for years. The STICH Trial failed to show any additional survival benefit of SVR combined with CABG in HF patients with ischaemic LV dysfunction [4] . The reduction in end-systolic volume index in the STICH population-smaller than in previously reported observational studies, leaving the postoperative end-systolic volume index still dilated (>60 ml/m 2 ) in both arms-might explain the inconsistent finding and, thus, the reasonable value of this procedure may have been underestimated. A post hoc analysis from the STICH Trial showed that a postoperative LVESVI of 70 ml/m 2 or lower resulted in improved survival compared with CABG alone [5] , confirming previous results by Di Donato et al. [19] . However, the STICH protocol was designed in the year 2000 before the widespread of LGE-CMR (not incorporated in the protocol), which is the gold standard imaging modality for an accurate quantification of LV volumes and scar tissue extent and location, yet underutilized for surgical planning, raising concerns on the extent of the SVR procedure that was applied in this trial [20] . Our findings confirm the role of LVESVI in predicting survival, partially reconciling the results from the STICH Trial, including the one that the baseline LVESVI is the strongest predictor of poor outcome in patients with severe LV dysfunction and ischaemic HF [21] . Furthermore, this study expanded previous results pointing out which factors may predict an inadequate LVESVI reduction and the importance of CMR in planning the surgical procedure.
Limitations
The presence and the severity of mitral regurgitation and/or the post-surgical recurrence after mitral valve repair were not considered in the statistical model. In this study population, 39% of patients had concomitant mitral valve repair. However, previous studies have already shown that in patients with severely impaired LV function undergoing mitral valve repair the postoperative LVESVI was not reduced, probably indicating an irreversible myocardial damage [22] . In this study, patients showed a preoperative very severely impaired LV function with extremely large volumes. The surgical reconstruction of the cavity was performed according to an effective methodology such that an overall targeted LVESVI was reached. However, we cannot exclude that the presence of mitral recurrence might have interfered with the post-surgical volumes. A larger population is needed to verify our hypothesis and results. However, the assessment of scar location and extension, as provided by LGE-CMR, seems to be mandatory for a better comprehension of the surgical implications.
CONCLUSION
The results of the present study provide evidence of an association between pre-surgical LGE scar location and the LV reverse remodelling, highlighting the relevance of pre-surgical scar assessment in conditioning the outcome of ischaemic HF patients. Individual morphologies, as characterized by LGE-CMR imaging, seems to play a relevant role for the surgical planning, while its extension does not exert any association with the reverse remodelling.
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